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Introduction
This study is a first attempt to see how the economic value and technological significance of the Finnish biotechnology industry is developing through patent statistics. It encourages us to see the potential in using patent data in other contexts as well.
Qualitative studies have indicated a strong tendency of the Finnish biotechnology sector to emphasize scientific competence, even at the cost of business competence (Hussi et al. 2006 ). This places a special demand on investors to employ valuation methods that are transparent and quantitative to overcome the inherent risk of information asymmetry and biased valuations as a result thereof.
Patenting provides an essential form of structural capital for an infant knowledgeintensive company. A patent verifies that the company possesses critical knowledge and, just as importantly, that the company is capable of converting the tacit knowledge of innovators into reproducible codified knowledge. An appropriate patenting procedure signals the technological feasibility of the company's knowledge, and serves as an externally acknowledged form of intangible assets. The intangible assets, in turn, generate expectations of positive cash flows in the future. Consequently, the resources are typically steered towards applying for patents as they are crucial for obtaining further financing.
From a venture capitalist's point of view, patents signify the innovativeness and future profitability of a company. Moreover, patents can be licensed out and used in crosslicensing agreements. Therefore patents are used not only to protect intellectual capital, but can also serve as a tradable commodity.
In patenting the invention goes through a rigorous and objective verification process as laid down by the regulations. Patenting reduces the level of asymmetric information between inventors and investors and provides collaterals for the company; both are important means of controlling investors' risk. This gives, especially for smaller companies, an opportunity to obtain financing at reasonable terms.
A patent provides a basis for claiming markets, but not without a trade-off. The patenting procedure itself requires additional resources. A patent can also be challenged by competitors: in high-technology areas, it is rare that new inventions are not patented by other innovators, and hence opposition to patents is relatively common. Furthermore, due to high costs associated with prompt protection, a company does not necessarily possess sufficient resources to protect its patent portfolio from larger competitors' infringements.
This paper provides insight into the technological significance and economic value of biotechnology patents in two ways. First, we quantitatively analyze the patenting activities of the Finnish biotechnology industry. Second, we assess the quality of the patenting activities over the past few decades by the use of citation indices. We focus especially on the closeness to science and appropriability of the company patent portfolios and relate the biotechnology industry to other comparable Finnish industry segments. As the current value of science-based start-ups should be able to be linked to the commercial potential of its patent portfolio, our aim is to provide an alternative approach to the valuation of the Finnish biotechnology industry.
The remainder of this paper is organized as follows. Section two reviews the literature concerning the use of patent statistics. Section three presents the data used for this study. Estimations and results are presented and interpreted in Section four, and finally we conclude this paper with a brief discussion of the results, as well as suggestions for future research.
Analytical Background

Patents as indicators of innovation
For proper use of patents in economic analysis we must first define the terms 'invention' and 'innovation'. An invention is typically defined as a new idea, while an innovation is defined as a commercialized invention. This definition dates back to the seminal writings of Schumpeter (1911 Schumpeter ( /1968 . However, the line between these two definitions is often blurred. Sometimes an invention, and even a patent, can have great economic value despite being commercialized as such, and a commercialized patent can build on several inventions.
There are two categories for inventions; process and product. Process inventions often rely on non-patent methods of protecting intellectual property rights, such as secrecy or tacit knowledge. For product inventions the use of these strategic/non-patent options is much more difficult, because, for example, once the product enters the market, it becomes vulnerable to reverse engineering.
Patents are recognized among economic researchers as an implicit indicator of innovation activity. Although there are other legal means to protect intellectual property, patents are the most common. They also provide valuable information about the protected property. In addition to data concerning the actual invention, patents disclose information about the related inventors, companies, and other parties involved and, most notably with respect to our study, the references to related patents.
The patent system aims at facilitating the appropriability of inventions 1 . A patent provides exclusive rights over an invention for a maximum of 20 years with some variation between countries. The owner of the patent must pay an increasing renewal fee in order to uphold the patent.
In case of illegal reproduction or other infringing activities, it is the patent owner's responsibility to take action. No other party can enforce the patent rights, and disputes are settled in a court of law.
A patent grants exclusive rights for the inventor, while at the same time compensates society through disclosure of the invention in the patent application. This disclosure provides a basis for rapid technological development, new inventions, and technology diffusion.
A patent can be granted for an invention that is novel and nontrivial, and which potentially has commercial applications. All inventions are not granted patent protection, due to any of the following reasons:
1. The invention does not meet the novelty criteria set by governing patent offices.
Since the inventor usually does not have a complete insight into the patent pool, the invention or something very close to it might have already been patented. 2. The invention might be considered trivial. The invention can already be in common use, or it can simply be too trivial to be patentable. 3. The invention is not reproducible in a commercial sense. The invention must have a stated commercial application: it has to be a technical solution to a specific problem. Cohen, Nelson, and Walsh (2000) found that distinct industries rely on a variety of mechanisms to protect their intellectual property. They showed that patenting is especially common in the chemical and pharmaceutical industries. They also claim that this preponderance to patent stems from the fact that research and development projects related to drugs and chemicals are often relatively large investments, which is why companies prefer the juridical protection of their investments. We assume that the same logic applies to the biotechnology environment.
Patents as Indicators of Economic Value
We approach the valuation of patents by using patent citations collected from the patent publication. The citations in the patent document are indications of prior art, the existing body of knowledge. These citations are made by the applicant, but verified and possibly amended by the patent examiner. The role of these citations is to limit the scope of protection and indicate which inventions are related to the patented invention. Backward citations position the new invention technologically with respect to previous patents (Figure 1 .1). Citations by other patents (forward citations, vesting with time) are considered to reflect the patent's technological significance, the applicability as well as the "appropriability", that is, the ability of the inventors to benefit from their inventions (Narin 1993, Trajtenberg, Henderson, and Jaffe 1997) . There are several studies describing the validity of using patent citations in economic research. This research can be divided into two categories: studies that focus on the validation of the patent related indicators of innovation, including patent citations, and studies that use patent citations as an indicator of economic value and technological significance.
The publications by Lanjouw (1999) and Reitzig (2004) are examples of validation studies. Both studies describe the use of multiple patent related indicators, such as citations, claims, opposition, and family size. The results show that patent citations are not the best available indicator for patent "quality", but they are readily available at an earlier stage than the other indicators. Albert et al. (1991) conducted a survey among inventors to verify the existence of a linkage between forward citations and the significance of a patent. They studied how the inventors evaluated inventions and how this was connected to the number of forward citations. They found a connection between the number of forward citations and the technological significance of inventions (based on inventor surveys). Trajtenberg (1990) used forward patent citations in analyzing a possible connection between the number of citations and consumer welfare related to CT (computerized tomography) scanners. He argued that the number of forward citations is connected to the value of a patent. Harhoff et al. (1999) also used forward citations to estimate the economic potential of inventions in their study of the US and German patents. They found that the higher an invention's economic value estimate was, the more the patent was cited. Hall et al (2005) used patent citation weighted patent counts to estimate the market value of U.S. companies listed on the stock exchange. They found that patent citations could provide a more accurate picture of the company's intangible assets. In particular, the value potential captured seemed to be enhanced in settings where the forward citations are made by the inventor (self-citation). A study by Narin et al (1987) used U.S. pharmaceutical patents in an attempt to connect patent citations to financial characteristics of the companies: some of the company specific financial characteristics could be explained by using patent statistics.
Citations to previous patents (backward citations) position the new invention within its application area and are linked especially to the "basicness" of a patent (Trajtenberg, Henderson and Jaffe 1997) . The term 'basicness' refers to such fundamental features as closeness to science and originality, closely connected to choices and efforts of R&D. The originality of a patent is measured through an index based on patent classifications (Trajtenberg et al, 1997) . Backward citations have also been used as a predictor of a patent's technological significance and thus economic value (Harhoff, Scherer, and Vopel 2003 , Lanjouw and Schankerman 2001 , Lanjouw 1999 , Carpenter, Narin, and Woolf 1980 .
The downside of using forward citations in evaluating the technological significance and the economic value is that they are not available until a substantial time period after the granting of a patent. However, unlike forward citations, backward citations do not reflect a realized interest in the technology; they merely look into the past. Consequently, backward citations show more noisiness in estimations compared to other estimators (e.g. forward citations), but using them in economic analysis also has some strong advantages: backward citations are available early in the life-time of the patent (at the time of publication) and they are readily available through online services. The backward citations provide comparable information upon publication of the patent document; consequently, they provide comprehensive results earlier.
Data
Patents usually have a highly skewed value distribution: few patents have a very high economic value, whereas most patents have a low economic value or none at all (Harhoff, Scherer, and Vopel 2003) . In order to collect data on patents that should have the highest possible economic value, we have selected patents granted in USPTO (United States Patent and Trademark Office) and EPO (European Patent Office) only, as the costly patenting process in these patent offices should sift out inventions with a low economic potential (Moed, Glanzel, and Schmoch 2004) .
Sources of Data
The data we use in this paper consist of patents granted in USPTO (Unites States Patent and Trademark Office) and EPO (European Patent Office) between 1 January 1991 and 31 December 2004. Patent data was collected from publicly available sources (USPTO and EPO websites) and from an online patent database (Delphion). In addition, we collected the patent applications for EPO using the same selection criteria; in this way we aimed at ensuring that we also take into account the most recent available information of patenting activity in our target industry.
USPTO started to publish the patent applications as late as 2000. In order to achieve sufficient time-series we used only EPO patent application data. The granted patents and patent applications were selected using the IPC (International Patent Classification) classes with Finland as priority country and through company names identified in Finnish Bioindustries' Index of Biotechnology Companies.
All selected patents were also assessed individually to verify that they can be considered biotechnology related patents. We additionally divided the patents into pure biotechnology and biotechnology related (such as laboratory technology) classes. Even after this rigorous screening process, only one patent out of three hundred was clearly outside the intended target sample. . These surveys provided us with a list of companies operating in the Finnish biotechnology sector, and in addition company specific information regarding, for example, sales, personnel, and finances.
Patents are often applied for in several locations and hence our data is partly overlapping; the same inventions are patented both in USPTO and EPO thus belonging to the same patent family. As the citations are assigned somewhat differently in USPTO and EPO, we conducted our analysis by separately analyzing the granted patents of each office (Moed et al, 2004) . The main focus is, however, on EPO patents since they provide more comprehensive data for our comparative analysis with respect to other technology areas.
Description of the Data
Our search strategy provided patents that include both pure biotechnology patents and patents related to biotechnology, such as laboratory equipment. The patenting activities within the Finnish biotechnology industry are presented in Table 2 , using the aforementioned classification. The patenting has followed an anticipated path, with activity in the early 1990s being relatively low, but showing a rapid increase in the late 1990s and early 2000s. Figure 3 shows the time-series of granted Finnish biotechnology patents in EPO and USPTO. 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 All (5-year mean) Biotechnology (5-year mean)
Note: Based on priority year 
Empirical Results
The values in Table 3 are the mean number of backward/forward citations for each sub-sample. The first column contains all the patents in our sample. The next column includes patents granted to SMEs only. Column three contains the pure biotechnology granted patents (other related patents, such as laboratory equipment, are excluded), and finally in column four we have the pure biotechnology patents granted to SMEs. We can see from Table 3 that SMEs have a slightly higher number of citations made (backward citations) than the larger firms. This is also true when only pure biotechnology patents are observed. A similar trend appears for pure biotechnology patents with the citations received (forward citations). Thus, SMEs seem to patent technologically more significant inventions than larger firms, which might relate to the patenting strategies of companies. Larger firms have the ability and resources to patent even 'insignificant' inventions, whereas the smaller companies must focus on acquiring protection only for the most 'significant' inventions.
Comparison to Other Technology Fields
By comparing our data with similar data for other technologies we can position the Finnish biotechnology sector with respect to other technologies ( We can see that there is some volatility between the biotechnology patents and patents in other fields of technology (Table 4) . Overall, biotechnology patents perform below other technology fields when backward citations are observed, with the exception of years 1995 and 2004. A relatively low number of backward citations might suggest a low basicness or novelty of the patents of the Finnish biotechnology industry compared to other fields. Another interpretation could be that the technological area in the patented biotechnology application is less competitive and less developed and consequently the total pool of patents that can be cited is smaller.
The situation changes when we look at forward citations: as shown in Table 5 , the average number of citations received is now higher in biotechnology than in comparable sectors. Furthermore, biotechnology, electrical engineering, instruments, and chemicals all receive more citations on average than the other technologies over several years. As stated in the analytical background, forward citations reflect both the technological significance, applicability, and the appropriability of an innovation. Most of the forward citations are made by claimants independent of the patent holder, and also reflect a realized interest for the cited patent; consequently, the empirical literature shows a clear association of economic value and technological significance with forward citations. The high number of forward citations in Table 6 indicates that the Finnish biotechnology sector has promising future prospects arising from a wellbased technological foundation.
Regression analysis
Patent citations have been observed to mirror the economic value in some respects. In order to assess how the backward and forward citations, respectively, predict the present value of anticipated future sales, we performed a regression analysis.
Dependent variables
In our regression model the dependent variable is the present value of current and anticipated future sales revenues. The present value of current and anticipated sales (PVsales) of a single company is formed as follows: It is set at 20% in the basic models and within the range of 2-100% in the sensitivity analyses below.
According to Equation 1, the PVsales of the company is a sum of discounted values of two factors. The first factor is a sum of linear combinations of the current (t=0) and anticipated future sales (t=5), defined by the first term on the right-hand-side in Equation 1. The second factor is the perpetuity value of the anticipated future sales which is assumed to be fixed at the level in Year 5, defined by the second term.
Independent variables
The independent variables in the regression analysis include application area dummies, size and age indicators, and other variables related to R&D activity and patents. We employ the five following application area dummies: drug discovery, diagnostics, biomaterials, equipment, and enzymes. The size and age control variables are expressed as a number of personnel (log) and the company's age in years (log), respectively. R&D intensity is measured as a ratio of R&D expenditure to total costs. The patent-based indicators contain the number of patents (log), number of cited patents (standardized), number of citing patents (standardized), and originality index. Our sample consists of 30 companies.
The backward citations were standardized by defining: 
Regression estimations
The estimation models used are OLS (Ordinary Least Squares) and 2SLS (two-stage least squares regression). OLS provides a rough idea of the significance, whereas the more complex 2SLS gives a opportunity to use an instrument variable to take into account a potentially reversal causality between dependent and independent variables. In the 2SLS model, the control variable is the R&D expenditure estimated in the first stage by the number of Ph.D.s, and the estimates are then used as a new variable for the second stage.
R&D activity, or the R&D expenses, is determined endogenously in the OLS model for the following reasons; 1) R&D activity can be financed primarily by internal sources, such as earnings from sales. According to the conventional financial pecking order, the company prefers internal sources of financing, such as sales earnings, to external (Myers and Majluf 1984) . 2) R&D activity usually creates earnings potential to be realized only in the distant future.
Because current sales have a great impact on the present value calculations related to our dependent variable in the regression model, we have to recognize the possible severe reversal causality between the R&D expenditure and current sales earnings (as the main source of financing). Hence, the educational degree of personnel (the number of personnel with a Doctoral degree) is chosen as an instrument predicting R&D expenditure. The educational degree was available for 26 out of 30 companies. The prediction points are used in creation of a new variable for the second stage of the 2SLS model. The educational degree is assumed to be independent of the present value of sales.
The results of these estimations are presented in Table 6 . These models include a robustness check (robust standard errors) controlling for any heterogenousity in the standard errors. Notes: *** statistically significant at 1%; ** at 5%; * at 10%, (robust standard errors)
Both OLS models yield a positive dependency solely for company size (labor employed) with the PVsales as the dependent variable. Our second empirical model is similar to the OLS regression model, but we have added a variable for originality. This originality variable represents the basicness of the company patent portfolio, which in other terms could be interpreted to indicate how original the patenting activity is in the company. This regression shows a statistical significance between the number of backward citations and the PVsales, other things being equal with the first model. Consequently, the introduction of an originality index altered the results implying that our model might carry a problem of multicollinearity. This could be explained by the originality index employing backward citations, and thus introducing correlation.
Sensitivity analysis
We used a relatively high discount rate (20%) as the R&D projects in biotechnology are risky. We also conducted sensitivity tests to ensure that our results are valid with different risk levels. In these analyses we used very low (2%) and very high (100%) discount rates depicting low risk and extremely high risk of the projects. The low discount rate reflects solid future sales and the high discount rate current sales and highly speculative future earnings. Both of the models showed that the size is the most powerful predictor of the current and future sales. The number of backward citations was significantly close to 10 percent risk level in OLS and 2SLS models, but the results were unchanged in the component score-based model.
The results, however, do not seem to be robust in all aspects. There is some variation within the significance of backward citations depending on the model we choose. Moreover, the results seem to vary depending on the number of variables set into the model. This may imply a severe problem of multicollinearity between the application areas and other independent variables. In order to overcome the problem, the next section constructs principal components that are uncorrelated to each other.
Principal component analysis
We included the variables of the regression models in the principal component analysis. In our interpretations of the principal component results, we include only variables with loadings greater than 0.4. This corresponds roughly to a level of a statistically significant correlation coefficient related to the size of our data. Component 1 "Well-established giants" represents relatively large and relatively old companies which have a low number of patents and are active in application areas other than diagnostic equipment. Component 2 "Patented enzymes and equipment" discloses a high number of patents related to enzyme and diagnostic applications. Component 3 "Originality of biomaterials" relates the backward citations and originality of innovations to the branch of biomaterials. The index of originality is technically derived in part from the number of backward citations, and we can see that the linkage between these two variables seen in Component 3 is fairly straightforward. We have, however, chosen to include both of these variables to be able to compare the behavior of these non-identical variables.
Component 4 "Diagnose and cure profitably" relates some drug development activities with scientific expertise. These companies have a high number of backward citations.
Here the behavior of the originality index differs from the loading of the backward citations, with only backward citations exceeding the 0.4 limit. Component 5 "Applicable research" shows that few of the drug discovery companies are large and their technologies are applicable or appropriable in terms of a number of forward citations, that is, their patents are highly cited by other patents.
In the following phase we have contrasted the derived principal component loadings with the current value of sales, allowing a comparison to our results from the regression analysis. The benefit of this procedure is that the model allows multicollinearity among the variables; it provides us with a richer outcome than the separate analyses above.
We found two components closely linked to the PV of sales ( Figure 6 ). Principal component 1, "Well-established giants", is closely connected to the company size as measured by the number of employees in the OLS and 2SLS models above; this seemed to predict significantly the present value of sales. The principal component analysis discloses an additional linkage between the size and age of the companies. Moreover, Component 1 relates the size of the patent portfolio and the age of the company to the PV of sales. This suggests that a typical giant develops enzyme and equipment applications but not biomaterials. Due to their large size, as well as their sales orientation, the giants employ relatively few R&D personnel. Neither patent citations nor the originality index show any loadings; Component 1 seems to stress the logic of "if we are big today -we will be big tomorrow". Component 4 "Diagnose and cure profitably" relates activity in drug development and diagnostics with high PVsales (Figure 7 ). Component 4 is also loaded with backward citations: some of the drug discovery and diagnostics companies' high expectations on future sales (PVsales) seem to be derived from the high number of backward citations in their patents; both backward citations and PVsales are strongly influenced by the companies' own judgment.
Discussion and Further Research
Industrial renewal is partially based on innovation and creation of new ideas, and patents are one of the most important instruments in the protection of these innovation activities. Therefore patenting activities can be seen as one central measure of the innovation intensity of companies. In Finnish biotechnology, the number of patents and patent applications is rising and we will most likely see a major increase in patenting within a few years due to this increase in activity.
In this work we first described the development of the Finnish biotechnology patenting citations over time. The biotechnology sector shows stability in backward citations and even a diminishment in forward citations over time. Intuitively, in an infant industry the initially low absolute number of patents in the sector can induce a confounding effect on the absolute citation counts: new patents have relatively few prior art patents to refer to (low count of backward citations), whereas the few prior art patents there are might catch an aberrant multitude of citations (high count of forward citations) due to the strongly increasing patenting activity. However, we found no indications of such an effect in our data.
In the next step we compared patent citations in distinctive fields of technology. The data showed that backward citations within the biotechnology patents in Finland is slightly below the average of all technologies during our sample period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) .
On the other hand, forward citations (citations received) are higher than in the compared technologies. The literature suggests that backward citations are considered to reflect, in particular, the basicness of an innovation and forward citations both the applicability and the appropriability. Basicness refers to the technological significance, whereas applicability and appropriability reflects the economic value of the innovation. Backward citations are influenced somewhat by the applicant whereas forward citations are more independent as most of the citations are made by claimants independent of the patent holder.
The high forward citation counts compared to other industries suggest that the Finnish biotechnology sector has a high potential for creating value, but that at the same time the industry itself emphasizes the much weaker backward citations and to some extent R&D as markers for present and future earnings; but specifically not the strong forward citations. Related to the literature (Trajtenberg, Henderson and Jaffe 1997) , this finding implies that the Finnish biotechnology industry seems to rely on their own technological competence as a source of the company value or their sales anticipation schemes particularly in the application segments of drug development and diagnostics.
Our regression analysis model discloses a positive dependency on company size: smaller companies seem unable to catch the value added of patents with a high basicness in contrast to the larger enterprises. Moreover, our regression models including the originality index disclose a statistically significant dependency between backward citations and present value of current and anticipated future sales (PVsales). However, neither of the models shows a dependency between forward citations and the PVsales.
Since the regression analyses did not result in unambiguous results, we also conducted principal component analysis; this was to identify any inter-linkages between the variables employed in the regression models. We found that PVsales were closely related to the variables as in the regression analyses. In addition, we found some incremental linkages on how patent citations may affect the valuation of companies.
The backward citations were related not only to PVsales, but also to the application segments of drug discovery and diagnostics.
Our findings are in line with earlier analyses on the Finnish drug development business: the segment projects higher sales expectations than other application segments (Hermans and Kauranen 2005) . Our present empirical results show that the positive projections are not linked to forward citations but instead to backward citations. This indicates some problems related to the economic valuation of their own activities: Finnish drug and diagnostic companies seem to rely on their own technological superiority, but not so much on applicability and appropriateness of their innovations (see also Renko et al. 2005) .
If the Finnish biotechnology industry cites inside their own industry but claims it has high expectations for the future, the expectations are highly technology-oriented without a strong market pull. On the other hand, if the citations are in reality outside their own technological field, they would show high originality, and the industry's interpretation is well argued. In order to elaborate further on this issue, we assessed originality indices of the patents. The results revealed that the companies did not base their PVsales on the originality of their innovations.
Our findings emphasize the importance for investors, the public sector, as well as companies themselves, to apply transparent and quantitative valuation methods in the management of the technology. This is one step to overcome the inherent risk of information asymmetry, and biased valuations as a result thereof.
